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Introduction
Low-energy inert-gas ion irradiation of the film surface during refractory transition-metal (TM) nitride growth by conventional DC magnetron sputtering has been used extensively to overcome the characteristically underdense microstructures with rough surfaces of layers deposited at low temperatures (Ts /Tm < 0.30, in which Ts is the film growth temperature and Tm is the melting point in K). 1 High-flux, low-energy ion bombardment has been shown to increase nucleation rates 2, 3, 4 and film density, 4 give rise to renucleation which inhibits the formation of open columnar microstructures associated with high surface roughness, 5, 6 reduce defect density, 7 and control preferred orientation. 1, 8, 9, 10 However, the balance is delicate and at higher ion energies, a steep price is extracted in the form of residual ion-induced compressive stress resulting from both recoil implantation of surface atoms and trapping of rare-gas ions in the lattice. 11, 12, 13 We recently demonstrated that high-power pulsed magnetron sputtering (HIPIMS) provides an alternative route for ion-assisted TM nitride film growth via the use of substrate bias synchronized to the metal-rich portion of the plasma pulse. Stresses can be dramatically reduced, or even eliminated, since metal (as opposed to inert-gas) ions are components of the film. 14, 15 In those experiments, we used metastable NaCl-structure Ti1-xAlxN, 16, 17 known to be very sensitive to ion-irradiation-induced phase separation, as a model system deposited in a hybrid high-power pulsed and dc magnetron (HIPIMS/DCMS) co-sputtering configuration to
show that the average metal-ion momentum 〈 〉 per deposited atom, rather than the average metal-ion energy 〈 〉 as previously proposed, 18, 19 controls film phase composition and stress evolution. 16, 20 With 〈 〉 > 〈 * 〉 ≃ 135 [eV-amu] 1/2 , as-deposited Ti1-xAlxN films are two-phase mixtures. In addition, film-growth pathways are distinctly different depending upon which target, Ti or Al, is powered by HIPIMS. 16, 17, 21 〈 * 〉 is exceeded during Ti-HIPIMS, even with no intentional applied substrate bias, due to the combined higher mass and average charge state of Ti n+ ions (n = 1,2), resulting in films with low hardness (18 GPa) and high compressive stress, up to -2.7 GPa. 16 In contrast, with Al n+ ion irradiation of the growing film, in which the fraction of ions with n > 1 is negligible, during Al-HIPIMS/Ti-DCMS with the synchronous substrate bias Vs varied from 20 to 160 V, the hardness of single-phase NaCl-structure Ti0.38Al0.62N alloys increases from 12 to 31 GPa while the residual stress  remains ~ 0. 20 Here, we use hybrid HIPIMS/DCMS co-sputtering to explore synchronous metal-ion irradiation effects on phase-composition in the Ti1-xSixN system. Momentum transfer due to ion irradiation of the growing film is expected to be similar to that of Ti1-xAlxN due to the close mass match between Al (26.98 amu) and Si (28.09 amu). However, Ti1-xSixN represents a much more stringent test of hybrid HIPIMS/DCMS film growth with synchronous bias since the reported metastable NaCl-structure solid-solution range, xmax ≤ 0.09, for films grown by cathodic-arc evaporation is quite narrow. 22 In the special case of ultra-thin epitaxial Ti1-xSixN(001) films grown by reactive magnetron sputtering on TiN(001), Si was substitutionally incorporated on cation sites with x ≤ 0.19. 23 However, the thickness of such layers is limited to a few tens of nm. For comparison, the equilibrium phase diagram exhibits no solid solution at all.
The TiN/SiNx system has been widely studied 24, 23, 25, 26 for the synthesis of superhard (H > 40 GPa) 27 nanocomposite thin films, with the primary applications being wear-resistant coatings on cutting tools, based upon phase self-organization during film growth. The first report on nanocomposite hardness enhancement, by Li Shizhi et al., 28 was followed by a series of papers by Veprek et al. 27, 29, 30 exploiting high-temperature film growth to provide strong SiNz surface segregation giving rise to a nanostructure consisting of TiN crystallites encapsulated by a few monolayers (ML) of a disordered SiNz tissue phase. 25 This occurs dynamically as SiNz segregation to the surface of TiN-rich grains forces TiN, which segregates in turn to the surface of the SiNz layer, to renucleate. 31 The stepwise process is repeated throughout film growth, thus eliminating columnar formation with associated underdense intracolumnar boundaries and giving rise to very smooth surfaces. The encapsulation layers also constrain further growth of the TiN nanograins. Hultman et al. 25 later showed that the initial SiN monolayers grow with local epitaxy on TiN crystallites before forming disordered Si3N4 due to bond strain, as Si atoms prefer to be tetrahedrally coordinated with an oxidation state of +4. For nanocomposite films grown by plasma-assisted chemical vapor deposition (PA-CVD) and by reactive magnetically unbalanced magnetron sputter deposition, the maximum Ti1-xSixN hardness is typically achieved with SiN contents x in the range 0.14 ≤ x ≤ 0.20. 23, 30, 25, 32, 33, 34 Reactive cathodic-arc evaporation from Ti and Ti/Si cathodes has been used to deposit Ti1-xSixN layers at 500°C. The films have hardness values up to 44.7±1.9 GPa for x = 0.14 and exhibit a very fine, defect-rich, feather-like nanostructure consisting of TiN columns with average widths less than 10 nm. 35 The authors reported no indication of an amorphous phase and noted that the Ti1-xSixN films were stable up to at least 900°C without phase segregation or softening. However, their XRD results show significant peak broadening as x is increased from 0 to 0.14 which, together with the fact that film lattice parameters remain constant at the original TiN value, indicates that the layers are phase separated.
In addition to Ti1-xSixN solid-solution, the system may also separate into its cubic components. TiN/SiNz interfaces have thus also been studied using first-principles calculations.
The results highlight the importance of considering lattice dynamics, 36, 37, 38 
Experimental procedures

Film growth
Ti1-xSixN films are grown in a multi-target CemeCon AG CC800/9 magnetron sputtering system. 42 The Ti and Si targets are cast rectangular plates with dimensions 8.8×50 cm². Si (001) substrates, 2×1 cm 2 , are positioned symmetrically with respect to the targets, which are tilted toward the substrate. The angle between the substrate normal and lines connecting the centers of the targets with the centers of the substrates is 21°, and the target-to-substrate distance is 18
cm. Substrates are cleaned sequentially in acetone and isopropanol alcohol and mounted with clips such that their long sides are parallel to the long sides of the targets. The system base pressure is < 0.3 mPa (2.310 -6 Torr), and the total pressure Ptot during deposition is 0.4 Pa (3 mTorr) with a N2/Ar flow ratio of 0.2. Substrate temperature Ts during deposition is 500 °C.
Heating is accomplished using resistance heaters mounted symmetrically on the front and back sides of the vacuum chamber. Power to each heater is 10 kW during the 2 h preheating cycle and 8 kW during the 1.5 h depositions.
A hybrid deposition scheme is employed in which one of the targets is operated in HIPIMS mode at constant pulse energy and duty cycle, while the other is operated as a conventional magnetron with varying dc power. Two series of film growth experiments are carried out. In the first set, the Ti target is operated in HIPIMS mode and dc power is applied with Pdc = 6 kW. The higher power used during Ti-HIPIMS is primarily due to the higher degree of Ti metal ionization resulting in a larger fraction of sputter-ejected metal atoms accelerated back to the target. 43 , 44 The growth rate R during Ti-HIPIMS/Si-DCMS varies from 4 nm/min with P = 0.2 kW to 5.4 nm/min with P = 0.4 kW, whereas during Si-HIPIMS/Ti-DCMS, R is 26.6 nm/min with P = 4 kW and increases to 56.9 nm/min with P = 10 kW. A pulsed substrate bias, Vs = -60 V, synchronized to the HIPIMS pulse, is used in all experiments.
Between HIPIMS pulses, the substrate is at floating potential, Vf = -10 V. Target current and voltage waveforms during film growth are recorded with a Tektronix 500 MHz bandwidth digital oscilloscope.
In-situ ion-flux analyses
A Hiden Analytical EQP1000 mass spectrometer is used for in-situ time-dependent measurements of the compositions and energies of ion fluxes incident at the substrate plane for each target configuration. In these experiments, the axis of the mass spectrometer is placed perpendicular to, and 18 cm from, each target surface, corresponding to the target/substrate distance during film growth. 45 angle  between the sample normal and the scattering plane defined by the incoming and diffracted
Film characterization
x-ray beams. The tilt-angle resolved film strain (ψ), defined with respect to the substrate normal, is equal to the normalized difference between d and the relaxed interplanar spacing do,
Measured  values are used to determine the residual stress through Hooke's law of linear elasticity as
where  is Poisson's ratio and E is the elastic modulus. Experimentally, the in-plane stress is extracted from the slope of  vs. sin Relaxed Ti1-xSixN lattice constants ao are determined as a function of x from scans acquired at the strain-free tilt angle   , defined by setting  = 0 in Eq. (3): an angle of 70°, does not exceed 1 nm, whereas the XPS probing depth (film thickness corresponding to 95% of the signal intensity) is ~9 nm. Thus, the majority of the XPS signal intensity originates from the unmodified layer.
Computational details
Ti1-xSixN lattice parameters as a function of x are obtained using first-principles calculations performed within density functional theory and the Projector Augmented Wave method 51 as implemented in the Vienna Ab-Initio Simulation Package (VASP) 52,53 using the generalized gradient approximation (GGA) 54 to account for electron exchange-correlation effects.
Supercells consist of 216 atoms, based on 3×3×3 repetitions of the conventional NaCl-structure unit cell. Alloy compositions are x = 0, 0.056, 0.111, 0.167, and 0.25 in Ti1-xSixN random alloys with the atomic configurations constructed using the special quasi-random structure method (SQS) 55 following the procedure described in Ref. 56 for Ti1-xAlxN alloys.
To determine elastic properties, strains with ±1% and ±2% distortions are applied to the relaxed Ti1-xSixN supercells without volume conservation. In order to avoid residual stresses, the lattice parameters as well as the internal atomic coordinates are relaxed such that pressures are always less than 10 6 Pa. The elastic constants of Ti1-xSixN are then calculated using the secondorder Taylor expansion of the total energy,
in which Voigt's notation is used to describe the strain and elastic tensor . 57, 58 ( 1 , … , 6 ) is defined as the total energy of the distorted supercell due to the correspondingly applied strain; 0 is the equilibrium volume of the undistorted supercell. Since the SQS approach generally breaks the point-group symmetry for alloy systems, the elastic constants are cube-averaged 59 .
Isotropic Ti1-xSixN Young's moduli are obtained using the Voigt-Reuss-Hill (VRH) approach 60 for determining elastic properties of polycrystalline solids Figure 1 shows target voltage, current, and power density waveforms recorded during 200-μs HIPIMS pulses in Ti-HIPIMS/Si-DCMS and Si-HIPIMS/Ti-DCMS deposition modes.
Results
Discharge characteristics
For Ti-HIPIMS, the target voltage VT(t) is 610 V at t = 0 and decreases, due to the size of the capacitor bank with respect to the target area, to saturate at 170 V at t = 100 s. Following plasma ignition at t = 5 s, the target current JT(t), Fig. 1(b) , increases rapidly to a maximum value of 1.11 A/cm 2 at 35 μs, and then decreases more gradually to essentially zero at ~120 s as VT(t) becomes too low to sustain the discharge. Thus, the effective discharge pulse length is reduced to ~110 μs. The target power density PT(t), Fig. 1(c) , also increases rapidly after plasma ignition to 473 W/cm 2 at t = 30 s and decreases thereafter to effectively zero at t ~120 s.
For Si-HIPIMS, VT(t) is significantly higher, 780 V at t = 0, and decreases to saturate at 480 V with t = 150-200 s. 61,62 PT(t) exhibits an initial increase, Fig. 1(c) , following the behavior of JT(t), to reach a peak value of 233 W/cm 2 at 65 s, after which it decreases to less than 10 W/cm 2 with t > 170
s. The target current density and voltage are, to a first approximation, related through the expression ( ) = ( ) in which C is the size of capacitor bank and A is the target area.
Thus, the higher rate of initial voltage drop during Ti-HIPIMS, compared to Si-HIPIMS, is associated with the higher current density (a factor of three larger).
IEDFs for (a) singly-and (b) doubly-charged Ti and Si ions produced during HIPIMS discharges operated with Ep = 10 J are shown in Fig. 2 13.58 eV) compared to the ionization potentials of the sputtering gas as discussed in Section 5. 
Ti1-xSixNy film compositions
Ti1-xSixN film nanostructure
The only Ti1-xSixN XRD -2 peaks observed over the 2 range from 10 to 90° are the NaCl-structure 111 and 002 reflections. Thus, we focus on the 2 range 30 to 50°. with peak positions essentially independent of the tilt angle  and shifted toward higher 2 angles with respect to reference TiN powder patterns. 63 The 002 peak position obtained at * is 43.06°, which corresponds to ao = 4.198 Å. 
Ti1-xSixN valence-band spectra
XPS valence-band (VB) spectra from x = 0.26 Ti-HIPIMS/Si-DCMS and x = 0.24 Si-HIPIMS/Ti-DCMS Ti1-xSixN films are shown in Figure 10 together with Ti-HIPIMS TiN reference spectra. For the TiSiN layers, the binding-energy (BE) region between 5 and 7 eV is dominated by contributions from hybridized N 2p, Ti 3p, and Ti 3d orbitals; features at BEs less than 2 eV are primarily due to delocalized Ti 3d states. 66 The Ti-HIPIMS/Si-DCMS 
Ti1-xSixN nanoindentation hardness and elastic modulus
Ti1-xSixN residual stress
Residual stress values  for Ti-HIPIMS/Si-DCMS and Si-HIPIMS/Ti-DCMS Ti1-xSixN layers are plotted as a function of x in Figure 13 . For Ti-HIPIMS/Si-DCMS films,  increases rapidly from -1.5 GPa for TiN to -2.6, -4.5, and -6. 
Discussion
The results show that switching the HIPIMS and DCMS power supplies between the Ti and Si targets to grow Ti1-xSixNy films by Ti-HIPIMS/Si-DCMS and Si-HIPIMS/Ti-DCMS has a decisive influence on the nanostructure, nanochemistry, and macroscopic properties of asdeposited layers. XTEM and plan view TEM images combined with EDX compositional maps ( and SAED patterns demonstrate that the films are fully-dense with a single-phase NaCl crystal structure consisting of columns with an average width of 30±20 nm and a strong 111 texture.
Cross-sectional HR-TEM and EDX elemental maps of Ti0.76Si0.24N (Fig. 9 ) reveal uniform elemental distribution, at the nm scale, of Ti, Si, and N. Independent evidence for solid solution formation derives from analyses of Si-HIPIMS/Ti-DCMS Ti1-xSixNy film composition y vs. x (Fig. 3) , relaxed lattice parameters ao(x) (Fig. 6) , and XPS valence band spectra (Fig. 10) .
Increasing the SiN concentration has no effect on the overall N/(Ti + Si) ratio, which remains constant as a function of x as Si substitutes for Ti on the cation sublattice. In addition, ao(x) decreases monotonically with increasing x (Fig. 6 ) due to the smaller size of Si than Ti atoms, with a slope ⁄ = -0.20 Å/mol% in good agreement with DFT calculations for random Ti1-xSixN solid solutions. Finally, the electron density-of-states at the Fermi level (Fig. 10) , due primarily to delocalized Ti 3d states, is essentially the same for Si-HIPIMS/Ti-DCMS Ti0.76Si0.24N and the reference TiN layer. This is in sharp contrast to XPS results for phase-separated Ti-HIPIMS/Si-DCMS Ti0.74Si0.26N (Fig. 10) , for which the small size of TiNrich crystallites and the presence of a disordered SiNz tissue phase, with composition close to that of semiconducting Si3N4, limits the extent of electron delocalization and lowers the total DOS at Ef.
Ion irradiation of growing films has been shown to play a crucial and deterministic role in controlling film nanostructure. 1, 2, 3 During sputter deposition in the hybrid HIPIMS/DCMS configuration, the film growth surface is subject to an intense metal-ion flux during the short HIPIMS pulses (see Fig. 2 ) and a continuous flux of very low-energy, 10 eV, gas ions (Ar + , N2 + , and N + ) ions 67 during the dc phase. Thus, co-sputtering in a hybrid configuration in which one target is operated in HIPIMS, while the other is operated in DCMS mode, presents the opportunity to selectively probe the effect of individual energetic metal ion fluxes on the evolution of film nanostructure and physical properties. The total metal deposition between HIPIMS pulses is a small fraction of a monolayer (< 210 -3 ML); thus, newly-deposited film atoms are exposed to intense incident metal-ion irradiation during the subsequent HIPIMS pulse.
Our previous results for hybrid HIPIMS/DCMS growth of metastable cubic Ti1-xAlxN alloys revealed a large asymmetry between the effects of energetic Al n+ and Ti n+ (n = 1, 2) ion irradiation on the evolution of film nanostructure and phase content. 16, 17, 20, 21 Ti1-xAlxN is known to be very sensitive to ion-irradiation-induced phase separation. We showed that the average metal-ion momentum 〈 〉 per deposited atom controls both the phase composition and stress evolution. The present experiments are carried out under comparable conditions of N2/Ar gas composition, total pressure, film growth temperature, and substrate bias. Similar to the TiAlN case, 16 ion mass spectrometry results (Fig. 2) reveal a large asymmetry between metal-ion fluxes incident at the growing film surface during Ti-HIPIMS/Si-DCMS compared to Si-HIPIMS/Ti-DCMS. Metal-ion IEDF's differ substantially for the two cases due to the ionization potentials IP of Si ( 1 = 8.14 eV, 2 = 16.34 eV) being higher than those of Ti The total doubly-to-singly ionized metal ion flux ratio, 
for which
is the ion mass, i is the energy transfer function, denotes the average energy of ions entering the anode sheath, n is the charge state of the ion, Vpl is the plasma potential (10 V), 70 and , is the flux of metal ions i with charge state n. In the present study, the highest detected metal-ion charge state n is 2 and we discard the term in Eqn. (7), which is small compared to ( − ). Since the later term is similar during Ti-HIPIMS/Si-DCMS and Si-HIPIMS/Ti-DCMS, we can express the 〈 〉 + 〈 〉 + ⁄ ratio as
From ion mass spectroscopy analyses, ( + + , is the ratio of the total integrated metal fluxes incident at the film growth surface during 200-s Si-and Ti-HIPIMS pulses. − is more than 8× larger than − , due primarily to higher metal ionization during Ti-HIPIMS. Ar + sputter yields, estimated using TRIM, 50 are nearly the same for Si and Ti at the ion energies used in these experiments; thus, there is significant Ti n+ metal-ion transport back to the HIPIMS target (the "return effect"). 43 This requires the DCMS target to be operated at correspondingly Our results show that the large asymmetry between the Ti n+ and Si n+ metal ion fluxes has a dramatic effect on the evolution of Ti1-xSixN film texture (Fig. 7) , hardness (Fig. 11 ), elastic modulus (Fig. 12) , and residual stress (Fig. 13) . Fig. 2(b) ) result in much higher average momentum transfer per deposited atom 〈 〉 during HIPIMS pulses. This leads, in turn, to enhanced adatom mean free paths giving rise to a higher probability for smaller Si atoms to segregate to column boundaries, thus resulting in a phase-separated nanocomposite structure for Ti1-xSixN films with 0.04 ≤ x ≤ 0.26.
H(x)
values presented here for Ti-HIPIMS/Si-DCMS films are similar to those reported for nanocomposites 32, 33, 30 for which superhardness is attributed to the combination of the TiN-rich grains being too small for effective dislocation nucleation and glide, while the covalentlybonded tissue phase inhibits grain-boundary sliding. 25 The extremely high compressive stresses in Ti-HIPIMS/Si-DCMS layers also contribute to the measured hardness.
Intense Ti + /Ti 2+ metal ion bombardment clearly favors 002 preferred orientation (see Fig. 7 ), which is directly related to collision cascade effects.
Grains with more open channel directions, such as 002, with the projected atom density lower by a factor of √3 than in the 111 direction, have higher survival rates, since the incident ion energy is distributed over larger depths leading to lower sputtering yields and less lattice distortion. 1 As a consequence of the 002 preferred orientation, incident Ar ions are implanted to larger depths, compared to 111-oriented layers, due to the larger open channel areas. Thus, a significant concentration of Ar remains trapped in Ti-HIPIMS/Si-DCMS Ti1-xSixN films as interstitials (see Fig. 4 ) and contributes to the observed high compressive stresses (Fig. 13) . The nanocomposite structure, mechanical properties, and residual stress levels of layers grown in this target configuration resemble those obtained with cathodic arc deposition, 35 for which intense Ti n+ (n = 1, 2, 3,..) metal-ion irradiation is also present. are randomly distributed on the NaCl-structure cation sublattice.
Conclusions
We use a hybrid HIPIMS/DCMS two-target co-sputtering configuration, in which one target (either Ti or Si) is powered by HIPIMS while the other is powered by DCMS, for growth of Si-HIPIMS/Ti-DCMS Ti1-xSixN layers, with Si contents x = 0.25±0.01, grown on Si(001) substrates at Ts = 500 °C. 
